Background: Citrulline has been described as a marker of intestinal function or absorption but evidence varies according to clinical settings. Objective: The objective of this article is to examine the evidence of plasma citrulline as a marker of intestinal function and absorption in various clinical settings. Methods: Studies were examined for p values, means and standard deviations, correlation coefficients or other metrics depicting the association of citrulline with intestinal function. A random effects model was used to produce a pooled estimate. A hierarchical summary receiver operating curve model was fitted for diagnostic accuracy measures. Results: Citrulline levels are correlated strongly with small bowel length in short bowel syndrome patients (r ¼ 0.67). Citrulline is strongly negatively correlated (r ¼ -0.56) with intestinal disease severity with regards to enteropathies (coeliac disease, tropical enteropathy, Crohn's disease, mucositis, acute rejection in intestinal transplantation). Citrulline cut-off levels have an overall sensitivity and specificity of 80% and 84% respectively. Citrulline levels in untreated coeliac patients compared to controls were reduced by 10 mmol/l. Citrulline levels increase with gluten-free diet and with improvement of enteropathy. Citrulline is decreased in critical illness and sepsis. Conclusion: These findings allow us to advocate quite reasonably that citrulline is a marker of acute and chronic intestinal insufficiency.
. Citrulline is a non-protein amino acid, and in humans its plasma content is derived largely from the amount produced in enterocytes of the small bowel. . Certain clinical conditions have been identified in which citrulline has been used as a marker of intestinal function. . It is not clear whether citrulline levels reflect intestinal function (notably absorption), enterocyte mass, both or other.
Introduction
Citrulline is a non-protein amino acid, and in humans its plasma content is derived largely from the amount produced in enterocytes of the small bowel. 1 Citrulline's first isolation from the juice of the watermelon has been attributed to Koga and Ohtake 2,3 and Wada. 4 Certain clinical conditions have been identified in which citrulline has been used as a marker of intestinal function. [5] [6] [7] However, it is not clear whether citrulline levels reflect intestinal function (notably absorption), enterocyte mass, or both, with its current use being interchangeable. Hence, due to citrulline's unique metabolism, this systematic review aims to answer whether citrulline is a successful indicator of intestinal enterocyte mass and absorption and what clinical conditions it has been utilised in as a marker.
Methods
The inclusion criterion for this systematic review was any empirical study describing investigation of citrulline in relation to intestinal function. The Preferred Reporting Items for Systematic Reviews and MetaAnalyses (PRISMA) guidelines and Meta-analysis of Observational Studies in Epidemiology (MOOSE) checklist for systematic reviews and meta-analyses were used. 8, 9 Electronic database searches were conducted with no year limits. The quality of studies was assessed with elements from Cochrane Collaboration's tool 10 and the RTI Item Bank for Observational Studies. 11, 12 For the meta-analysis, studies were examined for p values, means and standard deviations, correlation coefficients (CCs) or other metrics depicting the association of citrulline with intestinal function. Metrics were converted to the standardised mean difference (SMD), 13, 14 mean difference (MD), 15 and/or CC. A random effects model was used to produce a pooled estimate of the SMDs/MDs/ CCs. Heterogeneity was quantified using the I 2 statistic and further investigated with subgroup analysis and meta-regression. Publication bias was assessed using funnel plots, Egger's test, Begg's test and Rosenthal's number. [16] [17] [18] [19] The CC is converted to the Fisher's z for all analyses. 15 Regarding diagnostic accuracy data, a hierarchical summary receiver operating curve (HSROC) model was fitted to provide a summary receiver operating curve (SROC) and to allow derivation of pooled sensitivity and specificity estimates. 20 The methods are described in more detail in the Supplementary Materials.
Results
From 463 initial studies, 131 were included in the systematic review and 63 in the meta-analyses performed (Figure 1 ). Overall number of patients was 4292 (mean 68, range 6-847) with mean age 31.6 years, male percentage 50.9% and body mass index (BMI) 21.9 kg/m 2 . Twenty-three studies involved children and 40 involved adults, and the majority of studies were conducted in Europe (45 studies). Mean citrulline value from all studies was 23.2 mmol/l and citrulline was mostly measured with high-performance liquid chromatography (HPLC). Main findings from all studies are shown in Supplementary Tables 1-6, grouped by condition. There was a strong presence of detection bias and almost 50% confounding bias ( Figure 2 , Supplementary Figure 1 ). Reporting bias was also an issue that arose from the papers.
Necrotising enterocolitis (NEC)
Four studies have assessed citrulline levels in patients with NEC (Supplementary Table 1 strong decrease when the SMD was analysed -1.44 (95% CI (-2.80, -0.07); I 2 ¼ 96%). Celik et al. 21 described that the area under the receiver operating characteristic (ROC) curve for citrulline to differentiate NEC from controls was 0.88 (95% CI (0.77, 0.99)) and the cut-off level of citrulline was 13.15 mmol/l with a sensitivity of (80% and a specificity of 82% but no association with duration of parenteral nutrition was noted. Similarly, Ioannou and colleagues 22 noted that the area under the ROC curve for plasma citrulline to discriminate neonates with NEC from control neonates was 0.86 (95% CI (0.77, 0.96)). The citrulline level that maximised the test's sensitivity and specificity was 17.75 mmol/l, with a sensitivity of 76% and a specificity of 87%. Table 2 ). These studies' focus is the ability of citrulline levels to predict the grade of acute cellular rejection and the cut-off value of citrulline levels that yield a high possibility of acute cellular rejection. There was presence of detection bias and confounding because not all studies assessed possible confounders of associations. Also, there is a strong possibility of reporting bias and attrition bias, because many papers are published in Transplantation Proceedings, which publishes short reports from transplant centres (Supplementary Figure 1) . The initial studies by the Miami group described a moderate negative CC of citrulline levels with rejection (Pappas et al. 25 reported CC ¼ -0.590) but in the recent studies by Ruiz and colleagues 26 and Hibi et al., 27 which include up to around 10,000 plasma citrulline samples, correlation reaches up to a strong -0.977 with acute cellular rejection. The CCs are shown in Supplementary Figure 2 without meta-analysis due to severe heterogeneity.
Intestinal transplantation
Two other trends were noted in the transplantation articles: First, citrulline appears to normalise after a certain amount of time post-transplantation and this is a significant factor against rejection; [28] [29] [30] [31] secondly, the cut-off value of citrulline predicting rejection varies. The Miami group have described that citrulline levels have a very high negative predictive value for moderate or severe acute rejection (negative prognostic value ¼ 99% with cut-off level 13 mmol/l; sensitivity ¼ 96.4% with particularly high specificity in adult patients); 27, 32, 33 but the Mount Sinai Group did not find that citrulline had satisfactory diagnostic accuracy to discern rejection. 34 Multiple parameters need to be taken into account when measuring citrulline in this group, including time after surgery, renal function, graft pathology, infection, sepsis, and donor and patient anthropometrics. 24, 29, 34 Short bowel syndrome (SBS) Thirty-five papers and abstracts were identified which included eventually 26 studies (Supplementary Table 3 Fail-safe N ¼ 5286) and high heterogeneity (I 2 ¼ 97%,
When analysed by subgroups, heterogeneity remained high with respect to patient type, and measurement method, but was reduced in studies from the United States, Spain and Italy (Supplementary Figure  3) . Meta-regression also did not identify any heterogeneity with respect to male percentage, mean age, mean BMI, mean citrulline concentration and mean small bowel length (Supplementary Table 7 Citrulline between SBS patients and healthy controls. Twelve studies were analysed and the random-effects model showed that citrulline levels were decreased by -12 mmol/l (95% CI (-16.3, -7.7)) (SMD -1.34, 95% CI (-1.77, -0.91)); there was heterogeneity (MD: Figure 5(b) ).
Citrulline levels in parenteral nutrition (PN)-dependent vs PNindependent patients. Twelve studies were analysed comparing levels of citrulline in patients who needed PN against patients who were weaned off PN. The randomeffects model showed that citrulline levels were decreased by -13.3 mmol/l (95% CI (-17.6, -9.0)) (SMD -1.58, 95% CI (-2.09, -1.08)); there was heterogeneity (MD:
Sixteen studies described diagnostic accuracy results (Supplementary Table 8 ). Overall, citrulline levels have a sensitivity of 82.5% and specificity 82% (Supplementary Table 9 , Supplementary Figure 6 ). Since 13 studies compared citrulline levels at a cut-off level of 20 mmol/l to discern among SBS patients who needed PN or not, the meta-analysed sensitivity and specificity reflect mostly that. Any heterogeneity present is due to different cut-off levels and comparison groups.
Teduglutide and citrulline levels. There have been four studies studying the effect of teduglutide -a GLP-2 analogue which acts as a growth factor in patients with SBS -on citrulline levels (Supplementary Table 3 ). Three studies compared citrulline levels in patients who received teduglutide against patients who received placebo in Crohn's disease and SBS. The random-effects model showed that citrulline levels in teduglutide vs placebo were increased by 12.4 mmol/l (95% CI (5.5, 19.3)) (SMD 1.02, 95% CI (0.47, 1.58)) and there was heterogeneity (MD:
Four studies provided citrulline levels of patients who received teduglutide at the end of treatment compared to their baseline. The random-effects model showed that citrulline levels in teduglutide at end of treatment vs baseline were increased by 15.3 mmol/l (95% CI (12.5, 18.2)) (SMD 1.21, 95% CI (1.00, 1.43)); there was no heterogeneity (MD: Figures 4(b) and (c) ).
Enteropathies
Villous atrophy syndrome. Eleven studies were used in meta-analyses in this category which included cases that had coeliac disease or other enteropathy (Supplementary Table 4 ). Meta-analyses firstly compare citrulline levels in diseased patients against controls, then those who had received a gluten-free diet (GFD) compared to those who had not, and finally association of citrulline levels with disease severity. Severity of disease was categorised broadly and included either histological diagnoses, worsening symptoms or any other metric reported by the authors which indicated severity of the enteropathy. Severity is to be considered as a scale by which higher values indicate more severe disease and lower values indicate less severe disease. The random-effects model showed that citrulline levels in coeliac disease patients compared to controls were decreased by -9.7 mmol/l (95% CI (-13.8, -5.6)) (SMD -0.99, 95% CI (-1.30, -0.67)); there was heterogeneity (MD: I 2 ¼ 89%, p < 0.001; SMD: 
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Crohn's disease. Citrulline levels were compared between Crohn's disease patients and controls in two studies.
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The random-effects model showed that citrulline levels in patients vs controls was decreased by -9.7 mmol/l (95% CI (-12.6, -6.7)) (SMD -1.19, 95% CI (-1.63, -0.75)); there was no heterogeneity (MD: Figure 5(a) ).
Acute mucosal enteropathy and cancer treatments. Acute mucosal enteropathy can cause a significant loss of enterocytes. Fourteen studies were used in a meta-analysis in this category which included cases of patients who had received chemoradiation for bone marrow transplant, cancer or other malignant disorder (Supplementary Table 5 ). Generally:
1. Citrulline decreases in the initial phase of treatment and then increases while the initial gastrointestinal toxicity related to treatment seems to reside. 2. Citrulline decrease is related to higher doses of treatment and is usually inversely correlated with severity of gastrointestinal toxicity. Meta-analysis was performed on this outcome since 14 studies were identified.
The random-effects model showed that citrulline levels were negatively correlated with severity of gastrointestinal toxicity with a moderate correlation of -0.41 (95% CI (-0.51, -0.30)); there was no heterogeneity 
Critical illness patients
Twenty-five studies were diagnosed investigating citrulline levels in patients with critical illness (Supplementary Table 6 ). The majority of studies involve patients in intensive care settings which attempt to correlate decrease in citrulline levels with severity of condition or other sepsis markers. No meta-analyses were performed on these studies due to different measurement methods and inability to extract common outcomes. The following comments can be made:
1. Citrulline appears decreased in most studies and is related to critical illness and markers of sepsis or inflammation. 2. This decrease in citrulline does not necessarily mean that there is intestinal dysfunction since in inflammatory responses and severe critical illness, nitric oxide and arginine are depleted through inflammatory pathways hence leading to the reduction of citrulline. 42 This is also corroborated by the fact that citrulline levels increase once the critical condition is overcome. 3. Citrulline seems to act as a negative inflammatory marker.
Citrulline levels: An overall assessment Diagnostic accuracy. Overall sensitivity of citrulline levels appear to be satisfactory 80% (95% CI (69%-87%)), specificity was 84% (95% CI (77%-89%)) and the diagnostic odds ratio was 20.03 (Supplementary Table  9 , Supplementary Figure 7) . The SROC curve indicates overall satisfactory diagnostic accuracy of citrulline levels ( Figure 6 ).
Citrulline levels in diseased patients vs controls. The random-effects model showed that citrulline levels in Figure 5(a) ).
Citrulline levels as a marker of intestinal disease severity. Citrulline levels were described in association with disease severity in 28 studies. The random-effects model showed that citrulline levels were negatively correlated with severity of disease with a moderate correlation of -0.56 (95% CI (-0.70, -0.37)) ( Figure 5(b) Figure 5(e) ). Interestingly, we can see that only in Crohn's disease is citrulline not associated with disease severity ( Figure 5(b) ).
Citrulline and absorptive function. Fourteen studies reported an association of citrulline levels with the level of intestinal absorption. Absorption was assessed with the D-xylose absorption test, 40, [43] [44] [45] [46] [47] [48] oral or enteral nutrition tolerance, [49] [50] [51] and nutrient absorption tests with bomb calorimetry and measuring oral/enteral intake in comparison to faecal and other loses. [52] [53] [54] The random-effects model showed that citrulline levels were positively correlated with enteral absorption with a moderate correlation of 0.50 (95% CI (0.26, 0.68)) ( Figure 7 ) but there was heterogeneity (I 2 ¼ 90%, p < 0.001).
Conclusion
The present study is the first meta-analysis on the association of citrulline with gut function. Although citrulline appears to be a strong marker of enterocyte mass, its correlation with intestinal absorption is weaker. This correlation appears clinically significant in SBS. In other conditions in which short bowel is not an issue, there is a decrease in mean citrulline compared to healthy controls, and citrulline decrease can be correlated to the degree of disease severity. Its interpretation however needs to take into account other factors because its diagnostic accuracy is satisfactory but not completely exclusive of negative cases and it might as well produce false-positive cases. There were various thresholds for discerning a high from low citrulline level but the level of 20 mmol/l seems to be most prevalent.
In critical illness the interpretation of a low citrulline as a marker of intestinal dysfunction should be treated with caution -in a similar manner that a low albumin in a critical ill patients needs to be cautiously interpreted as malnutrition. The availability of nitric oxide and arginine during septic and inflammatory states is decreased hence decreasing citrulline and in this context citrulline could be a negative inflammatory marker -without excluding enteropathy of acute illness.
Limitations of the present meta-analysis stem from various sources of heterogeneity and possibility of publication bias, detection bias and confounding bias. It was a pattern in the present review that many studies did not analyse confounding factors such as other amino acids, renal function (citrulline's pathways involve a renal component) and inflammatory state. Also different methods exist for plasma citrulline measurement, sample preparation, population parameters, disease severity, absorption, and small bowel length. Although heterogeneity is partially explained by geographical factors, ultimately this reflects different clinical and analytical practices throughout the world. The random-effects models performed take heterogeneity into account and thus were the preferred method of analysis. Standardisation of measurement methods and practices will possibly allow for comparable and more homogeneous results, resulting in meaningful clinical interpretation.
Although interest in citrulline originated from intestinal failure and intestinal transplant medicine, we believe that its application extends to the general gastroenterologist since it has to do with intestinal function per se. Is the bowel working? This exact question has led investigation into citrulline's response in enteropathies such as Crohn's disease, coeliac disease, critical care enteropathy, and mucositis related to bone marrow transplant and chemo-radiotherapy so far. Serial citrulline measurements seem to reflect patterns of mucosal barrier injury and hence are associated with septic episodes in transplant and critical illness patients, setting the ground for use as a marker of early intestinal dysfunction. Its use in SBS is multifactorial, assisting towards the decision of the absorptive capacity of the bowel and hence the need for PN. Nevertheless, citrulline needs be considered within the individual patient context due to measurement variations between centres, countries and populations, with dissimilar normal ranges and average values. The presence of heterogeneous results in the present systematic review reflects this, possibly also explaining its current niche status (as yet).
In conclusion, citrulline concentration is decreased in patients with compromised intestinal states compared to controls; it has a sensitivity and specificity of 80%; it is negatively correlated with disease severity in intestinal enteropathies; it is positively correlated with small bowel length in SBS; and it is moderately correlated with enteral absorption in various conditions. Overall, lower citrulline levels are indicative of acute or chronic intestinal insufficiency.
